The Qinling Orogen was a consequence of continental collision of the South China Craton with the North China Craton in the Triassic and caused widespread granitoid magmatism. However, the petrogenesis of these granitoids remains controversial. In this paper, we choose the Baijiazhuang (BJZ) and Lvjing (LJ) plutons in the West Qinling Orogen for a combined study of the zircon U-Pb geochronology, whole-rock major and trace element compositions and Sr-Nd-Hf isotopic characteristics. We obtained zircon crystallization ages of~216 Ma and 212 Ma for the BJZ and the LJ plutons, respectively. The granitoid samples from both plutons have high K 2 O metaluminous to peraluminous compositions. They are enriched in large ion lithophile elements (LILEs), light rare earth elements (LREEs) and depleted in high field-strength elements (HFSEs) with significant negative Eu anomalies. The BJZ samples have initial Sr isotopic ratios of 0.7032 to 0.7078, ε Nd (t) of −10.99 to − 8.54 and ε Hf (t) of −10.22 to −6.41. The LJ granitoids have initial Sr isotopic ratios of 0.7070 to 0.7080, ε Nd (t) of −5.37 to −4.58 and ε Hf (t) of −3.64 to −1.78. The enriched isotopic characteristics of the two plutons are consistent with their source being dominated by ancient continental crust. However, two BJZ samples show depleted Sr isotope compositions, which may infer possible involvement of mantle materials. Mantle-derived melt, which formed from partial melting of mantle wedge peridotite facilitated by dehydration of the subducted/subducting Mianlue ocean crust, provide the required heat for the crustal melting while also contributing to the compositions of these granitoids. That is, the two granitic plutons are magmatic responses to the closure of the Mianlue ocean basin and the continental collision between the Yangtze and South Qinling crustal terranes.
Introduction
The Qinling Orogen is the geological boundary between the North and the South China and is located in the middle of the Central Orogenic Belt on continental China (Jiang, 1994; Zhang and Liu, 1998) . It was formed as a result of ultimate amalgamation of the Yangtze Block with the North China Craton through two separate collisional events along the Shangdan suture in the middle Paleozoic and the Mianlue suture in the Late Triassic ( Fig. 1a, b ; Dong et al., 2011; Ernst and Liou, 1995; Ernst et al., 2007; Faure et al., 2008; Jiang, 1994; Li et al., 2007; Mattauer et al., 1985; Zhang, 1999, 2000; Xiao et al., 2005 Xiao et al., , 2009 Zhang et al., 2004a Zhang et al., , 2004b Zhang and Liu, 1998; ) . There are widespread granitoids in the western segment of the Qinling Orogen or West Qinling Orogen (Fig. 1b) , which record important information on the orogenesis (Dong et al., 2011 (Dong et al., , 2012a Jiang et al., 2010; Meng and Zhang, 1999; Qin et al., 2009; Sun et al., 2002; Wang et al., 2013; Zhang et al., 2007) . Crust-mantle interaction has been widely accepted as being responsible for the petrogenesis of these granitoids, i.e., they were derived from partial melting of the lower continental crust caused by heating from underplated mantle-derived melts (Cao et al., 2011; Jiang et al., 2010) . However, controversies still exist on the origin of the mantle-derived melt (Dong et al., 2012a; Jiang et al., 2010; Li et al., 2007; Qin et al., 2008a Qin et al., , 2008b Qin et al., , 2009 Ratschbacher et al., 2003; Sun et al., 1998 Sun et al., , 2002 Xue et al., 1996; Yang et al., 2014; Zhang et al., 2007; Zhu et al., 2011) .
The decompression melting of the asthenosphere mantle, caused by the break-off of the Mianlue oceanic slab, has been a popular model invoked to infer the origin of mantle-derived melt (Dong et al., 2011; Sun et al., 2002; Zhang et al., 2007 Zhang et al., , 2009 ). The slab break-off as a trigger is possible, but whether this can induce significant asthenospheric passive upwelling and decompression melting is not as straightforward as generally perceived without question.
In this paper, we provide high quality zircon in situ U-Pb age data, whole-rock major and trace element data and Sr-Nd-Hf isotope compositions of representative granitoid samples from the Baijiazhuang (BJZ) and the Lvjing (LJ) plutons in the West Qinling Orogen to discuss the petrogenesis of these granitoids. We propose that mantle wedge melting facilitated by addition of water from the subducted Mianlue seafloor resulted in the mantle-derived melt with basaltic compositions, whose ascent and underplating caused the lower continental crust melting for the widespread granitoid magmatism. This interpretation may be simplistic but can effectively explain the observations while also alleviating the physical difficulties associated with the popular slab break-off model.
Geological background and petrology of the granitoids

Geological background
The Qinling Orogen links the Dabie-Sulu Orogen in the east and the Kunlun-Qilian Orogen in the west (Fig. 1a) and has been divided into the North and South Qinling Blocks by the Shangdan suture zone ( et al., 2008a; Zhang et al., 2007) . The South Qinling block collided with the North Qinling block in the Middle Paleozoic along the Shangdan suture (Fig. 1b) . The South Qinling block was separated from the South China block during the Carboniferous to early Triassic by the paleo-Tethyan Qinling ocean (Meng and Zhang, 1999) . After the closure of the paleoTethyan Qinling ocean, the South China block collided with the South Qinling block in the Late Triassic along the Mianlue suture, which resulted in the widespread granitic magmatism and the final amalgamation China continent (Meng and Zhang, 1999) . A series of ophiolites fragments occur in the Mianlue suture zone, which have been explained to represent the remnants of the paleo-Tethyan Qinling ocean (Lai et al., 2008; Xu et al., 2002) . The South Qinling block consists of Late Paleozoic medium-grade metasedimentary and metavolcanic rocks and the Triassic granitoids (Li and Sun, 1996; Mattauer et al., 1985; Qin et al., 2009) . The BJZ and the LJ are two plutons of these granitoids crop out in an area of~200 km 3 in the West Qinling Orogen. The BJZ pluton intruded the Wujiashan Group (Fig. 1c) , which is a Mesoproterozoic strata in the research area and mainly consists of banded marble, thick layered quartz marble and mica quartz schist. The LJ pluton intruded the Devonian Xihanshui Group, which consists of thick layers of limestone, calcareous sandstone, siltstone, silty shale, limestone and marlstone (Xu et al., 2006) .
Petrology of the granitoids
The BJZ and the LJ plutons mainly consist of medium-coarse grained biotite granite. The BJZ pluton comprises quartz (~25%), plagioclase (~30%), K-feldspar (~35%) and minor amphibole and biotite (~5%) with accessory apatite, zircon, sphene and magnetite. Compared with the BJZ pluton, the LJ pluton has similar mineral assemblages and modes except for lower modes of quartz (~20%) and higher modes of plagioclase (~35%) (Fig. 2a, b , c, and d). The LJ pluton also contains fine-grained mafic magmatic enclaves (MMEs) (Fig. 2e, f) . These MMEs are 5-20 cm in size and have the same mineralogy but more mafic mineral modes (more amphibole and biotite) and higher amount of Ti-Fe oxide and apatite than the granitoid host.
Analytical methods
The freshest granitoid samples were chosen for geochemical analysis. Weathered surfaces, pen marks and saw marks were ground off and thoroughly cleaned. The samples were then crushed to~1 cm 3 size fragments and repeatedly washed with Milli-Q water in an ultrasonic bath before being dried and ground into powders with an agate mill in a clean environment.
Major and trace element analysis
Major and trace element analysis was done at China University of Geosciences in Beijing (CUGB). Whole-rock major elements were analyzed using a Leeman Prodigy Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with the elemental analysis accuracy better than 5%. Analysis of USGS reference rock standards BCR-1, AGV-2 and national geological standard reference materials GSR-3 give precisions (1σ) better than 1% for most elements except for TiO 2 (~1.5%) and P 2 O 5 (~2%).
Trace elements were analyzed using an Agilent-7500a ICP-MS. BCR-1 and BHVO-1 were used to monitor the analytical accuracy and precision. Analytical accuracy, as indicated by relative error between measured and recommended values, is better than 5% for most elements, ranging between 10% and 13% for Cu, Sc, Nb, Er, Th, and U and between 10% and 15% for Ta, Tm, and Gd (see Song et al., 2010b) .
Sr-Nd-Hf isotopic analysis
The bulk-rock Sr-Nd-Hf isotopic compositions were analyzed at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS).
The Sr and the rare earth elements (REE) were separated with cation columns, and HDEHP-coated Kef columns were used for further Nd separation. The purified Sr and Nd were diluted in 2% HNO 3 for analysis with a Neptune ICP-MS by using a Meinhard glass nebulizer with an uptake rate of 0.1 mL/min. The Hf was separated from other elements using combination of Eichrom RE and HDEHP columns. The Hf isotopic compositions were analyzed using a Neptune MC-ICP-MS following the analytical procedure of Li et al. (2009 
Zircon LA-ICP-MS U-Pb dating
Two granitoid samples from the Baijiazhuang (BJZ12-04) and Lvjing (DHG12-01) plutons were chosen for zircon U-Pb dating at CUGB. The instrument couples a quadrupole ICP-MS (Agilient 7500a) and an New Wave Research Inc.) with an automated positioning system (Song et al., 2010a) . During the analysis, laser spot size was set at~36 μm with laser energy density at 8.5 J/cm 2 and repetition rate at 10 Hz. The specific procedure of laser sampling is 5-s preablation, 20-s flushing sample-chamber and 40-s data collection. The high-purity helium gas stream was used with flux of 0.8 L/min, and the ablated material was carried into the ICP-MS. In order to ensure energy stability, the whole laser path was fluxed with N 2 (15 L/min) and Ar (1.15 L/min). Pb is 20 ms, and is 15 ms for other elements (Song et al., 2010a) . Zircon 91500 is used as external standard to correct for U-Pb isotope fractionation effects (Wiedenbeck et al., 1995) . The isotopic ratios and element concentrations of zircon were calculated with GLTTER 4.4. The concordia ages and diagrams were made using Isoplot/Ex (3.0) (Ludwig, 2003) .
Results
Zircon LA-ICP-MS U-Pb ages
Representative CL images of analyzed zircons are shown in Appendix 1, and the U-Pb ages are given in Appendix 2.
Zircons from sample BJZ12-04 (from the BJZ pluton) are subhedral to euhedral. They have varying sizes of 100 to 300 μm, length/width ratios of 2:1 to 6:1 and clear oscillatory zoning in the CL images (Appendix 1), suggesting a magmatic origin (Corfu et al., 2003; Pupin, 1980) . Twenty-five zircons show varying U (374-3728 ppm), Th (93-1436 ppm) and Th/U (0.1-1.1; mostly less than 1). Nineteen analyses of 25 zircons give a weighted average 206 Pb/ 238 U age of 216 ± 1.8 Ma (2σ; MSWD = 1.5), which is interpreted as the crystallization age of the BJZ pluton (Fig. 3) . The other six analyses with discordance N 10% (Appendix 2) were rejected to plot into the Concordance diagram.
Zircons from sample DHG12-01 (from the LJ pluton) are more euhedral than those from the BJZ pluton. They are~100 to 300 μm in size and have varying length/width ratio of 1:1-3:1 (Appendix 1). They show clear oscillatory zoning in the CL images, which is also indicative of a magmatic origin (Corfu et al., 2003) . Thirty zircons show varying U (143-1412 ppm), Th (81-433 ppm) and Th/U (0.25-0.96). The ages of LJ samples plot in two groups with ages of~225 Ma and~212 Ma, respectively, with an average age of 217.5 ± 2.5 Ma (Fig. 3b) . The bimodal ages may represent two batches of magmatic events (e.g., a composite pluton). We interpret the~212 Ma as representing the final crystallization age of the LJ pluton, and zircons of~225 Ma may represent "xenocrysts" from prior batch of magma. (Fig. 4a) . The aluminum saturation index (ASI = molar Al 2 O 3 / (Na 2 O + K 2 O + CaO)) varies from weakly metaluminous to peraluminous (Fig. 4b) .
Major and trace elements
Samples from the LJ pluton, on the other hand, have relatively lower SiO 2 (69.52-71.95 wt.%), total alkalis (7.56-8.74 wt.%), K 2 O/Na 2 O (1.36-1.55) and relatively higher TiO 2 (0.25-0.37 wt.%), MgO (0.64-0.91 wt.%), Fe 2 O 3T (1.96-2.82 wt.%) and CaO (1.43-1.99 wt.%) (Fig. 5 ). They plot in the granite (Fig. 4a ) and peraluminous fields ( (Fig. 4a ) and in the metaluminous field (Fig. 4b) .
In chondrite-normalized REE diagrams (Fig. 6a, c) , granitoid samples from the BJZ and the LJ plutons show LREE enrichment and HREE depletion with large (La/Yb) N variations of 11.19-30.75 and 13.24-22.87, respectively. All the samples show flat HREE patterns with (Dy/Yb) N~1 .09-1.65 for the BJZ pluton and~1.29-1.51 for the LJ pluton, suggesting the absence of garnet in their petrogenesis. Negative Eu anomalies exist in all the granitoid samples. However, samples from the BJZ pluton have greater negative Eu anomalies (Eu/Eu* = 0.23-0.43; Eu/Eu* = 2Eu N / (Sm N + Gd N )) than those from the LJ pluton (Eu/Eu* = 0.47-0.78). The MMEs show similar REE patterns with DHG12-06 and DHG12-09 showing moderate and weak negative Eu anomalies, respectively.
In the primitive mantle normalized multi-element diagrams ( Fig. 6b,  d ), samples from both plutons show spikes of large ion lithophile elements (LILE; e.g., Th, U, K, Pb) and toughs of high field-strength elements (HFSE; e.g., Nb, Ta, Ti, P), resembling the bulk continental crust (BCC; Rudnick and Gao, 2003 similar trace element patterns with the host granites but with weak or absence of toughs of P and Ti, which is consistent with the higher modes of apatite and Fe-Ti oxides in the MMEs.
Bulk-rock Sr-Nd-Hf isotopes
Isotopic compositions of all the analyzed samples are given in Appendix 4 and shown in Fig. 7a (Fig. 7a) , which may result from addition of upper crust materials during magma evolution or during the production of mantle-derived melt (see below).
Discussion
Origin of the LJ MMEs
The origin of the MMEs in granitoids has long been debated. One popular explanation is magma mixing between mafic and felsic magmas (Baxter and Feely, 2002; Dong et al., 2011; Qin et al., 2008a Qin et al., , 2009 Vernon, 1984; Zhang et al., 2007) . However, this mechanism cannot explain the widely observed rather similar/overlapping isotopic compositions between the MMEs and the granitoid host simply because it is physically unlikely that isotopic are homogenized while major and trace elements are not during magma mixing (Niu et al., 2013) . Another interpretation is that MMEs represent cumulates from more primitive andesitic melt of the same magmatic system (Barbarin, 2005; Chen et al., 2015; Huang et al., 2014; Niu et al., 2013) .
The MMEs in the LJ pluton have no chilled margins at contacts with the host granitoids. They are elliptical and have similar mineral assemblages as the granitoids but with greater mafic (e.g., amphibole) mineral modes, indicating that the MMEs in the LJ pluton were not formed by magma mixing (Chen et al., 2015; Niu et al., 2013) . Because of the first order correlated variations in major elements of MMEs and host granitoids (Fig. 5) , and similar REE and trace element patterns (Fig. 6) , we consider the MMEs are consistent with being of cumulate origin from an earlier batch of andesitic melt (also see Chen et al., 2015 melting source region for mantle-derived melt (see below). If the parental magmas represent early batches of melt intruding the crustal magma chamber, it would have been assimilated more of the crust materials with evolved Sr isotopic compositions inherited in the cumulated MMEs. These MMEs can be captured by the granitic melt later intruded in the magma chamber and then fractionated from the granitic melt together with the minerals crystallized. Generally, MME DHG12-06 and the granites are accumulated from different batches of magmas with different isotopic compositions in a periodically replenished magma chamber.
Petrogenesis of the BJZ and the LJ plutons
5.2.1. Crystallization evolution As mentioned above, the granitoids from the BJZ pluton are relatively more felsic than those from the LJ pluton (Fig. 5) , which are consistent with their crystallizing from a more evolved parental magma than the (Figs. 6 and 8 ), corresponding to greater negative Eu anomalies (Fig. 8) , which is consistent with the BJZ samples being more evolved with a greater extent of plagioclase fractionation. One MME (DHG12-06) shows higher Sr/Sr* and Eu/Eu* than the granitoid host, and the other MME (DHG12-09) has intermediate Sr/Sr* and higher Eu/Eu* (Fig. 8) , which are consistent with their cumulating origin in the early stage of the magma evolution (see above).
Source of the granitoids
The granite samples are enriched in LILEs (Th, U, K, Pb) and LREEs and depleted in HFSEs (Nb, Ta, Ti, P) (Fig. 6) Sr) i of most samples ranging from 0.704 to 0.710, negative ɛ Nd (t) (− 10.95 to −8.50) and ɛ Hf (t) (−10.14 to −6.33) (Fig. 7) , which is consistent with these granitoids being derived from lower continental crust (Qin et al., 2009; Wang et al., 2013; Zhang et al., 2007) . The whole-rock Nd isotopic model ages (T DM ; 1.6-2.2 Ga and 1.3-1.4 Ga, respectively) and single stage Hf model ages (T DM1 ; 1.3-1.7 Ga and 1.0-1.1 Ga, respectively) of BJZ and LJ granites also support a source composed of ancient lower continental crust (Qin et al., 2009; Zhang et al., 2007) . The two stage Hf model ages (T DM2 ) of BJZ and LJ granites are 1.7-1.9 Ga and 1.5-1.6 Ga, respectively, suggesting the granites deriving from reworking of Late Palaeoproterozoic to Early Mesoproterozoic crust. However, several samples that have lower ( 87 Sr/ 86 Sr) i (e.g., BJZ12-04, LZG12-07) or higher ε Nd (t) (N −10) (Fig. 7a) indicate that the lower continental crust is not their only source component and materials with depleted isotopic compositions must have been involved in the melting process. Such depleted materials are most probably mantle derived (Qin et al., 2008b; Sun et al., 2002) .
Origin of mantle-derived melt
Granitoid magmatism in the continental collision belts is explained to result from lithospheric delamination (Bird, 1979) or break-off LJ granitoids LJ MME LJ granitoids LJ MME of the oceanic slab from the buoyant continental lithosphere (Davies and von Blanckenburg, 1995) . In Bird (1979) , the delamination of continental lithospheric mantle is invoked to provide a conduit enabling the asthenosphere to arise to the base of the continental crust and induce granitoid magmatism. However, the delamination of the continental lithospheric mantle is physically difficult because the lithospheric mantle with high Mg # and low Al 2 O 3 content has lower density relative to the underlying asthenosphere due to the history of high extent melt extraction (Niu and O'Hara, 2008; Niu et al., 2003) . Asthenosphere upwelling induced by the oceanic slab break-off is more widely used in interpreting the granitoid magmatism in the continental collision belt (Davies and von Blanckenburg, 1995; Dong et al., 2011; Sun et al., 2002; Zhang et al., 2007 Zhang et al., , 2009 . However, this model also has problems. First, slab break-off cannot produce stationary lithospheric window adequate for continued asthenospheric upwelling and decompression melting as it would take place beneath ocean ridges (Klein and Langmuir, 1987; McKenzie and Bickle, 1988; Niu and Batiza, 1991; Niu and O'Hara, 2008) . Therefore, the amount of mantle-derived melt produced by slab break-off must be limited in volume and cannot be an effective cause for significant crustal melting required by the widespread and voluminous granitoid magmatism in the West Qinling orogenic belt Fig. 1b) . Furthermore, the absence of high pressure metamorphic rocks in the Qinling orogen indicates that the slab break-off, if there was any, happened at a shallow depth, which has been explained to enable the upwelling asthenosphere to impinge on the base of lower continental crust (Qin et al., 2008a (Qin et al., , 2008b Sun et al., 2002) . However, as we mentioned above, asthenosphere cannot simply heat the crust to melt without removing the buoyant continental lithospheric mantle.
Here we propose a much simpler model that is consistent with the observations and basic petrological concepts. That is, ascent and underplating of basaltic melt of mantle wedge origin can cause lower continental crust melting to account for the granitoids. When the Mianlue oceanic slab subducted beneath the South Qinling Block, dehydration of the ocean crust can effectively lower the solidus of mantle wedge peridotite to melt for the basaltic melt (e.g., Pearce and Peate, 1995) . Extraction, ascent and underplating of such mantle wedge-derived basaltic melt can induce the lower continental crustal melting to produce magmas parental to the BJZ and the LJ granitoids (Fig. 9) . Such mantlederived melt, also contributes materials to the granitoid magmatism, i.e., there exists mixing between the mantle-derived isotopically depleted melt and isotopically enriched felsic melt from the lower continental crust, which is consistent with variable isotope compositions (Fig. 7) .
Furthermore, terrigenous sediment, which may transports as melt or fluid from the subducted ocean slab to the overlying mantle wedge (Elliott, 2003; Johnson and Plank, 2000; Lee and Anderson, 2015; Niu et al., 2013; Nichols et al., 1994) and give the mantle-derived melt isotopically more enriched character, has long been recognized to contribute to the source of the island arc basalts (IAB) (Davidson, 1996; Elliott, 2003; Morris et al., 1990; Vroon et al., 1993) . Such mantle-derived melt, when mixing with a high proportion with the melt from the lower continental crust, can crystalize mineral assemblages with enriched isotopic characters (e.g., MME DHG12-06; Fig. 7a ).
Implications for the division of syn-collisional or post-collisional granitoids
Many studies refer the formation stage of the granitic plutons as syncollisional or post-collisional using various geochemical discrimination diagrams (Barbarin, 1999; Dong et al., 2011 Dong et al., , 2012a Harris et al., 1986; Maniar and Piccoli, 1989; Pearce et al., 1984; Qin et al., 2008a; Zhang et al., 2007; Zhu et al., 2011) . However, collision by itself does not generate sufficient heat, creates no scenario for decompression nor source of water addition and, thus, cannot produce large volumes of granitic magmas (Niu, 2005) . The precise timing to distinguish syn-collisional and post-collisional processes is in itself vague and cannot be constrained Asthenosphere Underplated mantle-derived melt M i a n l u e Fig. 9 . Simple tectonic cartoon shows the formation of mantle-derived melt, partial melting of the lower continental crust and formation of widespread granitoids in the West Qinling Orogen.
break-off after the collision, with the assumption that slab break-off induced the upwelling of asthenospheric mantle and thus the formation of widespread Triassic granitic plutons in the Qinling Orogen (Qin et al., 2008b; Sun et al., 2002) . However, such an assumption on the petrogenesis of Triassic granites in the Qinling Orogen is far from robust as discussed above. Thus, even though there may be some genetic relationship between the collision and the granitoid magmatism, caution is needed when applying the geochemical or chronological data to "constrain" the nature and timing of the events that actually cannot yet be constrained, for which genuine efforts are needed in future studies.
Conclusion
(1) Zircon U-Pb dating give ages of~216 and 212 Ma for the BJZ and the LJ plutons, respectively. (2) The MMEs in the LJ pluton represent cumulate from the more primitive andesitic melt in the early stage of the magmatic evolution. (3) The enriched Sr-Nd-Hf isotope compositions suggest that their main source is the ancient lower continental crust. However, components from depleted mantle wedge and upper crust materials must have been involved in the formation process of the granitic magmas.
(4) We emphasize that seafloor slab dehydration induced mantle wedge melting remains the primary mechanism for mantlederived basaltic melts, whose underplating and intrusion of the crust can cause continental crustal melting. The popular slab break-off model cannot produce volumetrically significant mantle-derived melt and also cannot fix the problem of asthenospheric upwelling without removing the buoyant continental lithospheric mantle to account for the widespread granitic plutons in the Qinling Orogen.
Acknowledgments
We thank Prof. Li Su (the Geologic Lab Center, China University of Geosciences, Beijing) for helping with major and trace elements analysis and zircon LA-ICP-MS U-Pb dating, and Prof. Jinlong Ma (the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences) for the Sr-Nd-Hf isotopic analysis. We also thank editor Sun-Lin Chung for handing this manuscript and Prof. Michael Roden and three anonymous reviewers for constructive comments and suggestions. This study is supported by the National Natural Science Foundation of China (91014003, 41130314). 
BJZ LJ
Appendix 1
Appendix 2. U-Th-Pb LA-ICP-MS zircon data of granitoids and MME from Baijiazhuang (BJZ) and Lvjing (LJ) pluton 
